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Abstract 
Disordered topological insulator (TI) films have gained intense interest because of their possibility 
for spintronics applications by benefiting from TI’s exotic transport properties. Here, we have fabricated 
disordered Gd-alloyed Bi𝑥Se1−𝑥 (BSG) TI thin films by sputtering methods and have investigated their 
magneto-transport and spin-torque properties. Structural characterizations show a mainly amorphous 
feature for the 8nm thick BSG film, while Bi rich crystallites are developed inside the 16nm thick BSG 
film. The bulk resistivity of BSG film is found to be relatively high, up to 6×104µΩ·cm, with respect to 
the resistivity of the polycrystalline Bi𝑥Se1−𝑥  film. Temperature dependent resistivity measurements 
display the evident character of a variable range hopping transport from 80K to 300K. Second harmonic 
transport characterizations have been performed on the BSG(t)/CoFeB(5 nm) bilayer structures with 
different thickness of BSG (t= 6, 8, 12, 16 nm). The effective spin Hall angle deduced from the damping-
like torque shows a maximum value of 3.74 corresponding to 8nm thick BSG at room temperature, which 
is one order of magnitude higher than that of heavy metals. The possible various origins of such 
enhancement are discussed. Our study provides a new experimental direction, beyond crystalline solids, 
to the search for topological systems in amorphous solids and other engineered random systems. 
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Introduction 
Bismuth selenide (BiSe) based topologic insulator (TI) materials have recently become extremely 
interesting in the field of condensed matter physics thanks to their exotic transport properties. Recent 
interests have garnered from the fact that these materials can exhibit topologically protected surface 
states.1,2,3,4,5 These surface states are protected by time reversal symmetry, making them extremely 
important for various spintronic applications.6,7,8,9 Many works have demonstrated efficient charge to 
spin conversion in TI thin films with the aim of magnetization manipulation.10,11,12,13,14 However, the 
film growth still remains a major bottleneck since molecular beam epitaxy (MBE) is usually required 
to grow highly lattice ordered films on the appropriate substrate.15,16,17 Recently, it was demonstrated 
the presence of strong spin-orbit coupling (SOC) in sputtered polycrystalline Bi𝑥Se1−𝑥,
18,19,20 allowing 
us to explore novel physics in disordered TI materials for developing industrial applications.  
In most of TIs with highly ordered crystallographic structure, the spin current generation is a result 
of spin-dependent momentum scattering in the surface states.21 For highly disordered TI films, there are 
two major reasons to support the research motivation. Firstly, studies have shown that the bulk of TI may 
play an important role for the generation of spin current by conventional intrinsic spin Hall effect 
(SHE).22,23 Secondly, theoretical analyses have also shown the possibility of the existence of conducting 
surface states in amorphous TI films.24,25,26,27 Recently, Corbae et al. have further evidenced the TI 
surface states in amorphous BixSe1-x film by angle-resolved photoemission spectroscopy (ARPES).
28 It 
is critical to explore the role of amorphous TI surface states on the spin-charge conversion efficiency for 
the devoted spintronic applications. 
Furthermore, effects of various dopants in TIs have also been extensively studied. One important 
advantage is that by embedding atoms with magnetic moment inside the alloys, one can create 
magnetic topological insulators  with time reversal symmetry breaking to observe quantum anomalous 
Hall effect (QAHE).29,30 Introduction of such impurities is also interesting for the investigation of the 
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spin-orbit torque (SOT) generated in such disordered materials when in contact with a thin 
ferromagnetic layer. Relevant figure of merits are used to characterize the SOT, such as the (effective) 
spin Hall angle (SHA) when dealing with extrinsic (intrinsic) spin-Hall effect or inverse Edelstein length 
(IEE) for inverse Edelstein effect (IEE)31 or its reciprocal quantity qICS when dealing with Edelstein 
effect.32 Each of the following parameters, effective SHA and qICS, gives out the ability and efficiency to 
generate a spin current from an injected charge current in the spin Hall channel. In particular, the use of 
such spin Hall channels has been suggested for future magnetic random access memory (MRAM) 
structures that use SOT-assisted switching of the ferromagnetic storage layer.33,34  
In this work, we have synthesized Gd-alloyed Bi𝑥Se1−𝑥  (BSG) TI thin films by DC magnetron 
sputtering. Structural and chemical characterizations were performed using a high resolution 
transmission electron microscopy (HRTEM) combined with electron energy loss spectroscopy (EELS) 
and energy-dispersive spectroscopy (EDS), displaying a mainly amorphous feature in the disordered 
BSG film. An increase of roughness with the formation of Bi rich nano-crystallites is found in the 16nm 
thick film. BSG film is highly resistive and the temperature dependent conductivity of BSG film reveals 
variable range hopping (VRH) process as the dominant transport mechanism in the bulk BSG. Second 
harmonic transport measurements were performed on BSG(t=6, 8, 12, 16 nm)/CoFeB(5 nm) bilayer 
structures in order to analyze the SOT properties.35 By using standard analysis techniques, a maximum 
for the equivalent spin Hall angle up to 3.74 has been obtained on the BSG(8 nm)/CoFeB(5 nm) sample 
thus proving the high charge-spin conversion efficiency of the amorphous topological materials.  
 
Results and Discussion 
The multilayer stacks of MgO (2nm)/Bi(20%)-Se(40%)-Gd (40%) (BSG) /Co20Fe60B20 (CFB) (5 
nm)/MgO (2nm)/Ta (2nm) were grown by DC magnetron sputtering (with a base pressure 7×10-8 torr) 
on thermally oxidized silicon substrate. Ta (5nm) capping layer was used for TEM characterization 
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samples. Samples with different thickness of BSG (t = 6, 8, 12, 16 nm) were prepared, which are labeled 
as BSG6, BSG8, BSG12 and BSG16, respectively. After the growth, the samples were processed into 
Hall bar pattern by UV lithography and devoted to the second harmonic transport measurement of the 
SHA. We have also prepared a bare BSG (16 nm)/MgO (5 nm) sample for measuring the resistivity at 
different temperatures. Please see more details in Methods section. 
Interfacial structure and chemical properties 
The full film samples of BSG8 and BSG16 were used for the interfacial structure and chemical 
characterization. Fig. 1(a) and (b) shows the large-scale scanning transmission electron microscopy–high 
angle annular dark field image (STEM-HAADF) and magnified HR-TEM image of the BSG8 sample, 
respectively. The sample shows a relatively flat and sharp interfaces in the large scale image (Fig. 1(a)). 
In Fig. 1(b), the BSG and CFB layers appear mainly amorphous feature. The bottom MgO barrier exhibits 
textured features characterized by small nano-crystallites, while the top MgO layer appears mainly 
amorphous. The interface chemical distribution has been characterized by electron energy loss 
spectroscopy (EELS). Fig. 1(c) displays the different element maps drawn by EELS spectrum images on 
the region indicated by the red dashed rectangle zone marked in Fig. 1(a). Fig. 1(d) displays the element 
profile and each data point presents an average of element intensity in a zone with 10nm width and 0.5nm 
depth. From the chemical maps and profile, several information can be drawn. The distribution of Gd 
and Se are not homogenous in the BSG layer. Gd has a tendency to accumulate towards the bottom while, 
on the contrary, Se tends to segregate to the interface with CFB. Gd, Bi and Se over concentration spots 
are clearly visible. The mean atomic concentration of this area was evaluated as Bi 20%:Se 40%:Gd 
40%. The ratio between Co and Fe in the CFB layer was estimated to be 1:4. 
Fig. 2(a) shows the HRTEM image of the sample BSG16. It is found, here, that the interface 
roughness becomes important. By the guide of black dashed lines shown in Fig. 2(a), it is evident that 
the increase of interface roughness is mainly attributed to the thick BSG layer. CFB, MgO and Ta layers 
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follow well the morphology of the BSG layer. Some nanocrystals inside the BSG layer can be clearly 
evidenced, as marked by the red dashed zones. EDS element mapping images are shown in Fig. 2(c-e) 
with the corresponding STEM-HAADF image in Fig. 2(b). From Fig. 2(b), many zones with brighter 
contrast can be observed inside the BSG layer, which is due to an inhomogeneous chemical distribution 
and points out the segregation of some elements. From the chemical maps, the bight contrast zone 
(marked with red arrow) is identified to be Bi rich with less Se and Gd, which may also be correlated to 
the nanocrystals observed in Fig. 2(a). Therefore, during the growth of thicker BSG layer, the enhanced 
segregation of chemical elements forms the Bi-rich nanocrystals, which results in a pretty rough interface 
for the BSG16 sample. 
Temperature dependent transport properties 
Fig. 3(a) shows the temperature dependence of the resistivity for the BSG (16 nm) film covered 
with a MgO (5 nm) capping layer. The resistivity shows very strong temperature dependence and 
increases by a factor of 20 upon cooling from 300K (65mΩ·cm) to 80K (1.3Ω·cm). Note that the 
resistivity of the BSG film is found to be much larger than the reported values of amorphous Bi2Se3 
film (3mΩ·cm at 300K)28 and disordered Bi0.1Sb0.9 film (0.4mΩ·cm at 300K)23. It is also higher than 
previous report on the polycrystalline Bi𝑥Se1−𝑥 film (1.3mΩ·cm at 300K).
19 Since the coverage by the 
MgO layer could oxidize the BSG top surface and may kill the surface states, 36  the measured 
resistivity should be mainly attributed, at this stage, to the bulk BSG resistivity. We have compared 
the temperature dependent conductivity with an Arrhenius type dependence of variable range hopping 
(VRH) conduction. 37  The VRH mechanism is usually dominant in disordered films with strong 
localization near the Fermi level. This results in electrons hopping from one site to another, which 
may usually be viewed as a compromise between tunneling and thermal jumps by phonon 
excitations.38 In VRH, the hopping length and hopping energy can vary from one site to another. The 
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average value of the hopping energy may be deduced from the corresponding hopping length and 
density of states at Fermi level. 
The relationship between the conductivity and temperature for VRH is given as follows:37 
𝜎 = 𝜎0exp⁡[− (
𝑇0
𝑇
)
𝑝
]                                          (1) 
Here 𝜎0 is the characteristic prefactor of VRH. The exponent p gives information on the type of carrier 
conduction mechanism and may be divided into three different subsets. In a bulk material, p=0.25 is 
attributed to a three-dimensional (3D) Mott VRH conduction wherein electron-electron (e-e) 
interactions are neglected. p=0.33 corresponds to a two-dimensional (2D) Mott VRH conduction in a 
2D system. On the other hand, Efros-Shklovskii (ES) hopping mechanism includes long-range e-e 
interactions which results in p=0.5.39 𝑇0 is the characteristic Mott or ES temperature. Fig. 3(b-d) 
display the resulting fits using ES-VRH, 2D-VRH and 3D-VRH, respectively. Rigorous data analyses, 
based on the residual sum of squares (RSS) for each fit, show a best fit matching with a Mott 3D 
VRH. This is a strong indication that a 3D Mott hopping takes place dominantly in our BSG film. The 
value of σ0 obtained from the fit is 1.75×1010Ω-1·cm-1. The value of T0 obtained from the fit is 
9.7×105K, which is quite high, indicating that the amount of disorder in the film should be very 
high.38,40,41 This could be due to the inhomogeneous chemical distribution as revealed by EELS 
element mapping. 
The Mott characteristic temperature 𝑇0 can be related to the localization length as 𝑇0 =
𝜆𝛼3
𝑘𝐵𝑁(𝐸𝐹)
,38 
where α is the inverse localization length. N(EF) is the 3D density of states for the bulk material at the 
Fermi level, which is approximately in the range of 1021eV-1cm-1.19 𝜆 is a dimensionless constant with 
a value of 18.1.38 By injecting the fitted value of T0 (9.7×10
5K) into the formula, we obtain a typical 
localization length of α-1=1.36 nm. The hopping distance (Rhop) can be calculated from the localization 
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length in the Mott’s case as 𝑅ℎ𝑜𝑝 = 0.4 (
𝑇0
𝑇
)
0.25
/𝛼 42 to obtain respectively Rhop≈5.6nm (T=80K) and 
Rhop≈4.1nm (T=300K). 
In addition to the temperature dependent resistance analyses, we have also measured the 
magnetoresistance of another 30 nm thick BSG sample (covered with 5 nm thick MgO) (see SI note 1). 
These measurements were done at different temperature (100-300K) by sweeping the in-plane and out-
of-plane field between ±5 T. The magnetoresistances for both in-plane and out-of-plane field 
configurations show a characteristic parabolic shape. The absence of sharp dip feature linked to the weak 
anti-localization confirms the strong 3D Mott hopping in the bulk BSG.28  
Spin-orbit torque characterization by second harmonic magneto-transport measurements 
We now discuss the SOT properties of our CoFeB(5nm)/BSG bilayer structures acquired by the 
second-harmonic technique.43,44 To this end, the multilayer thin films were patterned into cross Hall 
bar structure with dimensions 10-20 µm wide and 30-50 µm long, as schematically shown in Fig.4(a). 
Fig 4(b) shows the anomalous Hall effect characterization for sample BSG8 at room temperature in 
an out-of-plane magnetic field configuration. Since the magnetization for the BSG layer is negligible 
(See SI note 2), the measured anomalous Hall resistance should mainly be attributed to the CoFeB 
layer. From the shape of the curve, we can conclude an in-plane magnetic anisotropy for the CoFeB 
layer with an out-of-plane saturation field of about 1.5T. Fig. 4(a) shows the schematic of the second 
harmonic measurement setup. For this system, the current flowing through the spin Hall channel can 
produce two different torque components: a field-like torque (?⃗⃗?  × 𝜎 ) and a damping-like (?⃗⃗?  × (𝜎  × 
?⃗⃗? )) torque. Both components depend on the relative orientation between the injected spins and the 
local magnetization. In the quasi-static approximation, the respectively effective fields giving rise to 
the Hall voltage (𝑉𝑥𝑦
2𝜔) can be expressed by the second harmonic Hall response model:43  
𝑉𝑥𝑦
2𝜔 = (
𝐻𝐹𝐿+⁡𝐻𝑜𝑒
𝐻𝐴−𝐻𝑒𝑥𝑡
𝑅𝑃 cos 2𝜃 +⁡
1
2
𝐻𝐷𝐿
𝐻𝐾−𝐻𝑒𝑥𝑡
𝑅𝐴cos𝜃⁡+𝑉𝑡 cos 𝜃 + 𝐻𝑒𝑥𝑡𝑉𝑁𝐸 cos 𝜃⁡) 𝐼⁡            (2), 
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where HA and HK are the out-of-plane and in-plane anisotropy, respectively. 𝐻𝐹𝐿  and 𝐻𝐷𝐿 are the 
effective fields due to the field-like and damping-like torque, respectively. 𝐻𝑜𝑒 is the Oersted field 
generated from the current in the channel and ⁡𝐻𝑒𝑥𝑡 is the external applied magnetic field. 𝑅𝑃 and 𝑅𝐴 
are the planar Hall and anomalous Hall coefficients, respectively. 𝑉𝑡 is the thermal voltage generated 
by the perpendicular temperature gradient created across the ferromagnetic layer. ⁡𝑉𝑁𝐸 is the ordinary 
Nernst effect coefficient. 𝜃 is the angle between the current and the in-plane field and I is the current 
in the spin Hall channel (Fig. 4(a)). By measuring the second harmonic Hall resistance (𝑅𝑥𝑦
2𝜔 = 𝑉𝑥𝑦
2𝜔/𝐼) 
and by varying the angle between the in-plane field and the channel at different external fields, we 
can separate the different contributions of the field-like, damping-like and thermal voltages from their 
specific angular signatures.  
The thermal voltage 𝑉𝑡 may originate from any source that is sensitive to a temperature gradient 
across the ferromagnetic layer. This typically involves the anomalous Nernst effect and spin Seebeck 
effect of the CoFeB layer.45 The ordinary Nernst voltage can possibly be generated from Bi in the 
spin Hall channel.45 Since the ordinary Nernst effect is proportional to the external magnetic field, the 
Hall voltage should be almost entirely from the ordinary Nernst effect at high enough magnetic field. 
In our measurements, this ordinary Nernst effect voltage was estimated to be about 4-5 times smaller 
than the amplitude pertaining to the anti-damping torque. 
Fig. 4(c) shows the second order Hall signal at 3T external field at RT. As it can be seen, the data 
shows a pretty fair cosine shape that can be fitted to obtain the amplitude. It turns out that, at external 
fields ranging from 0.06 to 3T, the effects of field-like torque and Oersted field are negligible since 
no signature of any cos 2𝜃 component may be observed in the second order Hall voltage. Indeed, the 
field-like torque often manifests as a small depression in the second harmonic Hall voltage around 90 
and 270 degrees.44 The fitted amplitudes are then plotted against 
1
𝐻𝑒𝑥𝑡−𝐻𝐾
 and reported in Fig. 4(d), 
further processed by a linear fitting. The slope of the linear fit allows us to determine the damping-
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like field and the intercept gives out the thermal voltage contribution. The damping-like field is related 
to the spin current generated from the spin Hall channel: 𝐻𝐷𝐿 =
ℏ𝐽𝑆
2𝑒𝑀𝑆𝑡𝐹𝑀
.19 Here 𝐽𝑆 is the spin current 
generated by the BSG layer. Using this relationship, we can calculate, in a model of a 3D (bulk) 
conduction for SHE, the equivalent spin Hall angle which is defined as the ratio of the spin current 
generated from spin Hall channel over the charge current injected according to:19 
𝜃𝑆𝐻 =
𝐽𝑆
𝐽𝐶
=
2𝑒𝑀𝑆𝑡𝐹𝑀𝐻𝐷𝐿
ℏ𝐽𝑆𝐻
                              (3), 
where 𝑀𝑆⁡ is the saturation magnetization of CoFeB layer and 𝐽𝑆𝐻 is the current density through the 
spin Hall channel calculated by the current shunting method (see SI note 3). We have performed the 
angular dependent second order Hall measurement on the BSG/CFB bilayers with different thickness 
of BSG (6, 8, 12, 16nm). The effective SHAs are deduced from the obtained damping-like torque HDL 
and injecting into the Eq. (3). The spin Hall angles are in the range of 1.37-3.74, as shown in Fig.4(e). 
This is almost one order of magnitude larger than that of most heavy metals like Pt, Ta or W.31 With 
increasing the thickness of BSG, the SHA is found to firstly increase to a maximum value of 3.74 at 
a thickness of about 8 nm before decreasing down to 1.27 at 16 nm. We will discuss in the following 
section the possible origins for the measured large SHA and the thickness dependent tendency. 
Unidirectional spin Hall magnetoresistance 
We now turn to the unidirectional spin-Hall magnetoresistance (USMR) characterization. Many 
SOT-based bilayer stacks have shown a novel magnetoresistance effect characteristic in which the 
resistance depends on the relative orientation between the spin-polarized electrons accumulated at the 
interface and the magnetization of the ferromagnetic layer in a collinear geometry. This effect, first 
discovered in metallic bilayers, was called unidirectional spin-Hall magnetoresistance.46,47 Typically, the 
USMR is very small, which can be characterized by performing second harmonic measurements under 
in-plane magnetic field sweeping. We performed thus these measurements in sample BSG8. 
11 
 
We start off by measuring the second harmonic longitudinal resistance as function of in-plane 
magnetic field. The measurement scheme is shown in Fig. 5(a). When the magnetization of the CoFeB 
layer is completely saturated in either direction we observe a change in the second harmonic signal as 
depicted in Fig. 5(c). This magnetoresistance consists of three parts: the USMR like-effect, the SOT and 
the anomalous Nernst effect, which can be expressed by: 
𝑅2𝜔
𝐿 ~∆𝑅𝑈𝑆𝑀𝑅 + ∆𝑅𝑆𝑂𝑇 + ∆𝑅𝐴𝑁𝐸                (4) 
The second harmonic contribution from SOT and ANE can be measured by performing similar field 
sweeps along the direction of current and measuring the second harmonic Hall signal, as schematically 
shown in Fig. 5(b). In this case, the SOT contribution is maximized because the direction of spin 
polarization from the effective spin Hall effect (perpendicular to the injected charge current) are 
perpendicular to the direction of magnetization of the CoFeB layer (parallel/antiparallel to the magnetic 
field). Fig. 5(d) represents the change in the second harmonic signal due to SOT and ANE, which can be 
expressed accordingly by: 
𝑅2𝜔
𝑇 ~∆𝑅𝑆𝑂𝑇 + ∆𝑅𝐴𝑁𝐸             (5) 
We can get a rough estimate of the USMR-like signal by subtracting the results from the two 
measurements by taking into account the geometric factor L/W (length/width of channel), which is given 
by: 
∆𝑅𝑈𝑆𝑀𝑅~𝑅2𝜔
𝐿 − (𝐿/𝑊)𝑅2𝜔
𝑇                      (6) 
In order to compare this with other USMR results, we calculate the USMR per current density and 
convert them into units of parts-per-million cm2/MA. The values obtained for BSG8 sample are around 
2 ppm.cm2/MA at 70K and 0.62 ppm.cm2/MA at 150K. These values are comparable to previously 
reported USMR values for the topological insulator ((Bi,Sb)2Te3 and Bi2Se3)/CoFeB bilayer structures.
47  
Discussions 
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We now discuss the various possible origins of the large effective spin Hall angle and high charge-
spin conversion efficiency found in our amorphous BSG layer. Several possibilities can be considered 
including 3D spin-Hall effect (extrinsic and intrinsic) and 2D Edelstein effect generated by surface or 
interface Rashba or TI states. The first possibility of extrinsic bulk SHE in BSG can be immediately 
discarded owing to the large effective spin-Hall angle (3.74) extracted from standard 3D analyses of 
second harmonic data. The second possibility remains the existence of an intrinsic SHE or extrinsic 
side-jump effect in bulk BSG scaling with the corresponding SHE conductivity 𝑠  (or 𝑆𝐻 ) like 
recently suggested in the case of BiSb23 characterized by a pretty large conduction even in the VRH 
regime. In our present situation, we can estimate the effective SOT efficiency 
𝑆𝐻
 like proposed in 
Ref. [23,48], which is defined as 
𝑆𝐻
= 𝑇𝑟√
1
𝜀
⁡𝜃𝑆𝐻𝑥𝑥 (𝑇𝑟 is the interfacial spin transparency, 𝑥𝑥 is 
the longitudinal conductance, 𝜀 =
𝜏𝑝
𝜏𝑠𝑓
 is the spin-flip parameter, 𝜏𝑝⁡ and 𝜏𝑠𝑓  are the momentum 
relaxation time and spin lifetime in BSG, respectively). Here, 
𝑆𝐻
 should be down-scaled, compared 
to the bare spin Hall conductance value (𝑠 =
ℏ
2𝑒
𝜃𝑆𝐻 ⁡𝑥𝑥), by taking into account the interfacial spin 
transparency (Tr) through different channels at FM/TI interface. The experimentally extracted 
maximum value of 
𝑆𝐻
 (for 𝑆𝐻 = 3.74) leads to a minimum value of 𝑠 of 5.75 × 10
3 ℏ
2𝑒
Ω−1𝑚−1 
with Tr=1. However, due to several mechanisms involving i) spin backflow (SBF)
 49 at the FM/TI 
interface, ii) enhanced spin scattering due to spin memory loss (SML) layer,50 and/or iii) the presence 
of the Schottky region at the BSG/CFB interface,23 the interfacial spin transparency could be much 
smaller than 1 (Tr<<1). This seems unreasonable because 𝑠 will be several orders of magnitude larger 
than the bulk conductivity of BSG (1.54×103 Ω-1·m-1). Moreover, by comparing the resistivity of the 
BSG layer (65mΩ·cm) and the reported disordered Bi0.1Sb0.9 (0.4mΩ·cm)23 or β-phase tantalum 
(0.2mΩ·cm)34, one must note most of current density is shunted by the ferromagnetic layer in our spin 
Hall channel. Our conclusion is that with such a low current density passing through the bulk of the 
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BSG layer, it cannot be sufficient to generate the necessary spin current with the intrinsic SHE in bulk 
BSG. 
The third possibility is to generate a sizeable spin current is by the interfacial Rashba-Edelstein 
effect at BSG/CoFeB interface involving a Rashba or a TI state and subsequent results in the 
significant SOC by symmetry breaking argument.51 The presence of a surface Rashba state can be 
excluded because BSG6 has a smaller SHA than BSG8, while they should have similar characters of 
BSG/CoFeB interface in terms of interface roughness and chemical distribution. The existence of a 
topologically protected conducting surface state in our amorphous TI films should then be privileged 
and consequently results in the Edelstein effect originated from the intraband-driven spin density 
precessing in the exchange field of the local magnetization.19 As recently predicted by several 
theoretical work24,25,26,27 and demonstrated by a recent experimental report28, the topological spin-
momentum locking surface states can do exist in amorphous TI surface. The reason is due to that in 
random lattices where fermions hop between sites within a finite range, by tuning parameters such as 
the density of states, the system undergoes a quantum phase transition from a trivial to a topological 
phase that manifests as quantized conductance in the system boundary.25 These surface states have 
been evidenced to show an anti-symmetric spin-texture resembling that of the surface states of 
crystalline topological insulator.28 However, the identification of TI surface states from the 
measurements of the charge to spin conversion (e.g. STT-FMR or second harmonic measurement) is 
not an easy task particularly due to the large proportion of the shunt current through the metal and the 
exact definition of the spin-current also is in relationship to the boundary conditions at FM/TI 
interface.31 Indeed, the efficiency of the IEE process scales with the IEE characteristic length ⁡𝜆𝐼𝐸𝐸 =
𝑣𝑆𝑂𝜏𝑠𝑓  in the case of Rashba states with the dispersion ℏ⁡𝑣𝑆𝑂𝑘  (𝑣𝑆𝑂  is the Rashba velocity), the 
reciprocal EE process scales with the parameter 𝑞𝐼𝐶𝑆 in the unit of m
-1,32 which is more difficult to 
obtain because depending on the exact value of the electronic escape time from the Rashba states 
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towards the thin FM material in contact. We can extend the case of IEE with Rashba states to the case 
of TI states, which foresees a conversion efficiency 𝑞𝐼𝐶𝑆 =⁡
𝐽𝑆
3𝐷
𝐽𝑐
2𝐷 ≈
1
𝜆𝐼𝐸𝐸⁡
=
1
𝑣𝑆𝑂𝜏𝑒𝑠𝑐⁡
 of the order of the 
inverse of 𝜆𝐼𝐸𝐸 = 𝑣𝑆𝑂𝜏𝑒𝑠𝑐 where 𝜏𝑒𝑠𝑐 is the characteristic electronic escape time from BSG towards 
the CFB metallic contact. Like suggested by Mahendra et al.,19 this would lead to an enhancement of 
the equivalent 3D SHA by the transverse confinement effect along the surface normal to the layer 
according to 𝑆𝐻 = 𝑞𝐼𝐶𝑆⁡𝑡 =
Γ
𝐸𝐹,𝑅
(𝑘𝐹,𝑅𝑑), where Γ = 𝑇r ∙ 𝐸⊥ is the energy broadening due to the finite 
lifetime of carrier within the TI state, 𝐸𝐹,𝑅 is the Fermi energy counted from the Dirac point (spin-
orbit energy), 𝑘𝐹,𝑅 is the corresponding electronic wave vector and⁡𝑑 is the evanescent length of the 
TI surface states. A large confinement energy 𝐸⊥  (or Γ)  and large geometrical renormalization 
(d/localization length) may thus explain the large effective SHA. Therefore, in the present case, these 
TI surface states can explain the observed large effective or equivalent SHA and high charge-to-spin 
conversion in our BSG films. 
In the end, we discuss on the variation of SHA with the thickness of BSG. For the bulk SHE, we 
can describe the thickness dependence of θSH using a drift diffusion approach49 by taking account of 
BSG/FM interface transmission23:  
𝜃𝑆𝐻 = 𝜃𝑆𝐻
0 (1 − 𝑠𝑒𝑐ℎ (
𝑡
𝑠
))
2𝑠𝐺↑↓
2𝑠𝐺↑↓+𝜎𝑥𝑥𝑡𝑎𝑛ℎ(
𝑡
𝑠
)
                       (7), 
where 𝜃𝑆𝐻
0  is the bare spin-Hall angle, 𝐺↑↓ is the spin mixing conductance at BSG/FM interface and 
𝑠 is the ballistic spin mean free path in BSG. This gives out a gradual increase of 𝜃𝑆𝐻  with the 
increase of BSG thickness (t) reaching a saturation to 𝜃𝑆𝐻
0  when the thickness is much larger than the 
spin diffusion length 𝑠  in BSG (order of 22nm in BiSe
23). However, our results show a quick 
saturation of 𝜃𝑆𝐻 to 8nm following by the decrease of 𝜃𝑆𝐻 in thicker BSG film. This again confirms 
that our results cannot be explained by the bulk SHE, but can be possibly explained by the TI surface 
states. When increasing the BSG thickness from 6 to 8 nm, the SHA increase could be due to the 
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establishment of TI surface states with a certain thickness, as what observed in crystalline TI system.52 
For thicker BSG samples, due to the enhancement of Bi segregation to form the nanocrystals as 
revealed by TEM characterization, the BSG/CoFeB interface roughness increases, which results in an 
enhanced interface scattering and spin memory loss at BSG/CoFeB interface.53 As a consequence, the 
SHA gradually decreases when BSG thickness increases to 16 nm. In the future, ARPES and in-situ 
four probe scanning tunneling microscopy (STM)54 could be used to evidence these TI surface states 
in our BSG films. 
A key application of our BSG film could be the use in magneto-electric spin-orbit (MESO) device.55 
This concept of device was proposed by semiconductor industry as a part of the initiative to design a 
low-power spin logic device. The output of MESO device is done through a spin-to-charge conversion 
process, which involves pumping spin from an adjacent FM layer into a TI layer, and then detecting the 
spin signal by measuring the voltage drop. The development of the TI layer has become a major 
bottleneck for the implementation of MESO device. There are two key requirements that needs to be 
satisfied for the TI layer: i) the spin-to-charge conversion must be at least 50%; ii) the resistivity should 
be at least 10 mΩ·cm. It is important to note that most research on spin Hall effect materials has been 
focused on lowering the resistivity, which is important for MRAM applications. On the contrary, MESO 
device requires high resistivity spin Hall materials.  
Conclusions 
In conclusion, we have performed a detailed structural and magneto-transport characterization 
of Gd alloyed BiSe thin films. The TEM characterization reveals the BSG film has a mostly 
amorphous feature. The inhomogeneous of chemical distribution is enhanced when BSG thickness 
increases, resulting in the appearance of Bi-rich nanocrystals inside BSG layer and the increase of 
BSG surface roughness. Temperature dependent resistivity measurements indicate a dominant 3D 
VRH transport mechanism in the BSG film from 80 to 300K. This hopping transport and the high 
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resistivity of BSG film could be a consequence of extra disorder in the Gd alloyed BiSe films 
compared to the pure BiSe films. Second harmonic Hall characterizations were performed to quantify 
the spin-orbit torque. The measurements showed a strong anti-damping torque component with a 
negligible field-like torque component. Spin Hall angles were extracted from the anti-damping 
component to be in the range of 1.37-3.74, which is about one magnitude higher than most reported 
heavy metals. The unidirectional spin Hall magnetoresistance in the BSG8 sample was measured to 
be around 2 ppm. cm2/MA at 70K. The large spin Hall angle and high charge-spin conversion efficency 
found could be due to the surface states in the amorphous topological insulor. Our results may enable 
the future development of scalable topological devices in amorphous materials which show a large 
charge-spin conversion efficiency.  
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Methods 
Sample preparation: 
The films were grown by magnetron sputtering on thermally oxidized silicon substrate. The stacks 
are: MgO (2 nm)/ BSG (t nm)/ CFB (5 nm)/ MgO (2 nm)/ Ta (2 nm). BSG was grown by co-sputtering. 
The Ar flow during sputtering was 40 sccm and anode bias was 60 V. Cathode power for BiSe was 30 
W and for Gd was 40 W respectively. The deposition rate was 0.7Å/s.  These films were then patterned 
into Hall bars by standard photolithography process followed by Ar ion milling. Second step of 
photolithography involved exposing the contact areas and followed by metal contact deposition of Ti (10 
nm) and Au (120 nm) by using e-beam evaporation. 
TEM characterization: 
HRTEM and STEM were performed to characterize the interfacial structure using a probe corrected 
JEOL ARM 200 CF operated at 200kV. Thin lamella was extracted by focused ion beam (FIB) milling 
using an FEI Helios Nanolab dual beam. EELS spectrum images (SI) were recorded in STEM mode with 
a Gatan Quantum Imaging filter. In order to correct energy drift and estimate the local thickness, the 
zero-loss and the core-loss spectra were simultaneously recorded for a dispersion of 1eV (Dual EELS 
method). The core loss spectra were registered in the range 670-2700 eV in order to record FeL, CoL, 
GdM, MgK, SeL, TaM and BiM edges. BK and OK signals with edges respectively near 188 eV and 532eV, 
were not recorded. The pixel size of the SI was fixed at 0.4 nm for a dwell time of 0.5 s/pixel for the core 
loss spectra. After energy drift correction, the SI were denoised using a principal component analysis 
method56 before quantitative analysis. EDS spectrum images were recorded in STEM mode with a JEOL 
JED2300T silicon-drift detector. SI were obtained by integrating 170 frames of 256×256 pixels The pixel 
size was fixed at 0.23 nm for a dwell time of 0.2 msec.  
Transport measurement: 
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The Hall bar size of devices were all L = 30 µm and W = 10 µm except for BSG12 sample that had 
L = 50 µm and W = 20 µm. Transport measurements were carried out on Quantum design PPMS 3000 
which provides good temperature control, external field and a rotating stage. First harmonic 
measurements (temperature dependent resistance, anomalous Hall effect) were done with Keithley 6221 
as current source and nanovoltmeter to probe the DC voltage. Second harmonic transport measurements 
were carried out with an AC source to generate a sinusoidal input current of 1 mA RMS at 10 Hz 
frequency. A Stanford research SR830 was paired with an EG&G 7260 lock-in amplifier to read the first 
harmonic and second harmonic voltages respectively. Temperature dependent resistivity measurements 
were done to analyze the dominant transport mechanism. In order to analyze the spin orbit torque, second 
harmonic Hall voltages were recorded while rotating the sample with a constant magnetic field. This 
process was repeated for various magnetic field ranging from 0.06T to 3T. The field-like torque 
component and Oersted field were found negligible. Spin Hall angles were obtained from the damping-
like torque with the corresponding error bars for various thickness of BSG (see SI note S4). 
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Figures 
 
 
Figure 1: Structural and chemical characterization of BSG8 sample by TEM. (a) STEM HAADF image 
on the BSG8 sample at middle magnification. The red rectangle shows the region where the EELS 
spectrum images were recorded. (b) HRTEM image in magnified scale on the BSG8 sample. (c) 
Elemental maps of the stacks drawn from EELS spectrum images after quantitative processing with all 
the essential elements from the substrate to the capping layer. The tiny silicon signal visible in the Ta 
capping layer and the Mg signal inside BSG layer are due to an artefact of processing because of the 
overlapping of different element edge peaks. (d) Elemental profiles across the multilayer structure drawn 
from EELS maps. 
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Figure 2: Structural and chemical characterization of BSG16 sample by TEM. (a) HRTEM image in 
magnified scale on the BSG16 sample. The black dashed lines guide the eyes to show the interface 
roughness due to the BSG layer. The red cycles show the zone where we can find nanocrystals. (b) STEM 
HAADF image and corresponding EDS elemental maps for (c) Bi, (d) Se and (e) Gd. The red arrows 
indicate that the white contrast zone is due to the inhomogeneous element distribution with a Bi-rich 
character.  
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Figure 3: Temperature dependent transport properties of a bare 16nm BSG sample covered by MgO 
protection layer. (a) Temperature dependent resistivity. (b-d) Temperature vs log(conductivity) with 
various fits with known theoretical models: (b) ES VRH, (c) 2D VRH and (d) 3D VRH, respectively. 
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Figure 4: Magneto-transport characterization of spin-orbit torque. (a) Schematics of cross Hall bar 
device and second harmonic transport measurement setup. (b) Anomalous Hall resistance for BSG8 at 
room temperature with out-of-plane magnetic field. (c) Second harmonic Hall resistance as a function of 
angle for BSG8 at room temperature and external 3T magnetic field. (d) Amplitude of second harmonic 
signal as a function of 
1
𝐻𝑒𝑥𝑡−𝐻𝑘
. The linear fitting allows to obtain the amplitude of damping like torque. 
(e) Spin Hall angle as a function of thickness of BSG layer. 
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Figure 5: Characterization of unidirectional spin Hall magnetoresistance for BSG8 sample. (a) 
Schematic for second harmonic longitudinal signal as a function of in-plane magnetic field. (b) Schematic 
for second harmonic transverse signal as a function of in-plane magnetic field. (c) Second harmonic 
longitudinal magnetoresistance response with magnetic field at room temperature. (d) Second harmonic 
transverse magnetoresistance response with magnetic field at room temperature. 
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